75th percentile adventitial (OR 1.97, 95% CI 1.18-3.29) K trans was significantly associated with a recent ischemic stroke compared to (ocular) TIA in multivariate analysis, while clinical risk factors were not significantly associated with the type of event. Conclusions: This study indicates a positive association of leaky plaque microvasculature with a recent ischemic stroke compared to (ocular) TIA. Prospective longitudinal studies are needed to investigate whether K trans or other plaque characteristics may serve as an imaging marker for predicting (the type of) future cerebrovascular events.
strokes account for approximately 80% of all strokes. The rupture of a vulnerable atherosclerotic plaque of the carotid artery is an important underlying cause for ischemic stroke. Epidemiological studies have identified various clinical risk factors associated with an increased risk of ischemic stroke [2] [3] [4] [5] [6] [7] . Previous studies have also shown a higher risk for recurrent stroke in patients with a ischemic stroke compared to patients with a transient ischemic attack (TIA). The risk for a recurrent stroke within 7 days was 5.2% after a TIA versus 11.5% after a stroke [8] . Additional research showed that patients with a minor stroke have an increased risk for a recurrent stroke compared to patients with a recent TIA or ocular TIA (also known as amaurosis fugax) [9] . Data from the European Carotid Surgery Trial also showed that the hazard ratio for a 5-year risk of ipsilateral ischemic stroke depends on the type of the presenting cerebrovascular event [10] . The underlying mechanisms responsible for the differences in risk for a recurrent event between the stroke subtypes are unclear.
Increased microvasculature within the atherosclerotic plaque has been proposed as a marker of plaque vulnerability [11, 12] . These microvessels grow from the adventitia into the plaque and generally have an impaired endothelial integrity, potentially providing an entry point for inflammatory cells and erythrocytes to the atherosclerotic lesion. It is believed that the growth of these microvessels into the plaque region is triggered by an increased activity of inflammatory cells, and subsequent hypoxia, within the plaque tissue [13] .
Dynamic contrast-enhanced (DCE-)MRI has emerged as a non-invasive imaging technique to assess the plaque microvasculature [14] [15] [16] . With DCE-MRI, signal enhancement time curve after contrast medium (CM) injection is analyzed to quantify plaque microvasculature using pharmacokinetic modeling. We and others have shown that the volume transfer constant K trans (a reflection of the microvascular density, flow, and permeability) correlates with the amount of microvessels within the plaque determined from histology [14] [15] [16] [17] as a reference standard. We have also demonstrated a good interscan reproducibility for K trans [16] .
It is not clear whether K trans is associated with the stroke subtype. Given the increased risk for recurrent stroke in stroke patients compared to (ocular) TIA patients, we hypothesized that plaque characteristics might differ between these patient groups.
Study Aim
The aim of the present cross-sectional observational study was to explore the association between leaky plaque microvasculature and the subtype of recent cerebrovascular symptoms (ischemic stroke versus [ocular] TIA) in patients with a symptomatic mild-to-moderate carotid artery stenosis.
Material and Methods

Study Population
The present study was performed as a substudy of the baseline data of the Plaque At RISK (PARISK) study [18] (ClinicalTrials.gov unique identifier NCT01208025). The overall hypothesis of the PARISK study is that the assessment of imaging markers of plaque vulnerability improves the identification of a subgroup of patients in the <70% carotid artery stenosis group with an increased risk of recurrent ischemic stroke. Consecutive symptomatic patients with a recent (<3 months) minor ischemic stroke, or (ocular) TIA with a mild-to-moderate ipsilateral stenosis of the carotid artery were eligible for inclusion. The clinical symptoms were diagnosed by a neurologist. The definition of ischemic stroke was the clinical evidence of the sudden onset of a new neurological deficit, persisting for more than 24 h, with no other cause and without evidence of an intracerebral hemorrhage on index imaging. No specific imaging marker (e.g., diffusion restriction on MRI) was required to confirm an ischemic stroke. TIA and ocular TIA were defined as the sudden onset of a new neurological deficit or monocular loss of vision, respectively, with no other cause and lasting less than 24 h. A mildto-moderate stenosis was defined as a plaque of at least 2 mm to carotid stenosis <70% (based on NASCET criteria [19] ).
For the present study, patients from a single center (Maastricht University Medical Center) underwent additional DCE-MRI and were included for analysis. Exclusion criteria were standard contraindications for MRI, such as ferromagnetic or other electronic implants. Patients with severe renal disease (creatinine clearance <30 mL/min) were not eligible for contrast-enhanced MRI and were therefore excluded from the current analysis. Clinical history and medication use were ascertained at the time of subject enrolment. Approval of the local Institutional Ethical Review Board was obtained, and all patients provided written informed consent before study inclusion.
MR Imaging
MR imaging was performed on a 3T whole body MRI system (Achieva, Philips Healthcare, Best, The Netherlands) using a dedicated 8-channel carotid RF coil (Shanghai Chenguan Medical Technologies Co., Shanghai, China). A previously described multi-contrast MR protocol [18] was used, which included the following sequences: 3D time-of-flight, 2D T1weighted (T1w) inversion recovery turbo field echo (TFE), T2 weighted turbo spin echo (TSE), and preand post-contrast T1w double/quadruple inversion recovery (QIR) TSE. Fifteen adjoining transversal slices with 2 mm slice thickness and an acquired and reconstructed resolution of 0.62 × 0.62-0.67 and 0.30 × 0.24-0.30, respectively, were acquired. For DCE-MRI, an end-diastolic ECG-gated 3D T1-TFE MRI pulse sequence, centered at the position of highest plaque burden was acquired with the following parameters: repetition/echo time 11.6/5.7 ms, flip angle 35°, Field of view 130 × 130 mm, acquisition and reconstruction matrix 208 × 206 and 512 × 512, respectively, 5 consecutive transversal slices, slice thickness 2 mm [20] . The temporal resolution was approximately 20 s per time frame (dependent on heart rate). At the beginning of the third time frame, 0.1 mmol/kg of Gadobutrol (Gadovist, Bayer HealthCare, Berlin, Germany) was injected as CM with a power injector (Spectris Solaris, Medrad, Warrendale, PA, USA) at 0.5 mL/s followed by a 20 mL saline chaser at the same rate.
Image Review MR Image Review Plaque contours were drawn by experienced observers, as described previously, using dedicated vessel wall analysis software (VesselMASS, Leiden, The Netherlands) [21] . In case of doubt, a second highly experienced observer was consulted. There was a minimum period of 2 months between patient inclusion and MR contour drawing to assure that reviewers were blinded for clinical characteristics and other test results. Per slice, luminal contours were drawn on the 3D time-of-flight MR images. Outer vessel wall contours were drawn using the pre-contrast T1w QIR TSE, post-contrast T1w QIR TSE, T1w TFE, or T2 weighted TSE MR images, in subsequent order. Luminal and outer vessel wall contours were transferred to the DCE-MRI images and, if necessary, contours were manually adjusted. The images acquired at each individual time frame were inspected and these images were shifted to correct for small patient displacements during the dynamic acquisition, if necessary. Outer plaque contours were corrected to include the adventitial vasa vasorum, which shows hyperenhancement after contrast material administration, while inner vessel wall contours were adjusted to avoid luminal partial volume effects. The adventitial region of the entire vessel wall region was automatically selected according to previously introduced criteria [22] , that is, all pixels within 0.625 mm of the outer wall contour in a region of the vessel wall with plaque (defined as having a wall thickness in excess of 1.5 mm). Contour drawing and adjustment was performed blinded for clinical characteristics.
Data Analysis DCE-MRI Pharmacokinetic Modeling
Tissue CM concentrations were determined from the signal intensity time course, as previously described [16] . In brief, the CM concentrations were calculated using the Ernst equation, literature values for the longitudinal and transversal relaxation times for tissue [23] and the r 1 and r 2 relaxivity rates of the CM [24] . Subsequently, K trans was determined for each vessel wall voxel separately with the Patlak model [25] . Fitting was performed using an adapted population averaged arterial input function [26] that was previously determined in the carotid artery from dynamic phase MR images [20] . The Patlak model consists of 2 compartments, that is, the plasma compartment and the extracellular extravascular space. In this model, it is assumed that only leakage from the plasma compartment to the extracellular extravascular space occurs in the first few minutes after CM injection. The resulting K trans distribution in the vessel wall (i.e., region-of-interest between the inner and outer vessel walls) and adventitial region was analyzed by calculating the 75th percentile of the vessel wall and adventitial K trans distribution for the entire plaque region, respectively.
Statistical Analysis
Univariate binary logistic regression was performed to select clinical risk factors with a relevant association (OR ≥ 1.2) with the clinically diagnosed stroke subtype.
Multivariable logistic regression analysis was performed to study the independent association of plaque microvasculature characteristic with the clinically diagnosed type of event when adjusted for the selected clinical risk factors.
The dependent variable in these models was the clinically diagnosed type of event ([ocular] TIA versus stroke), coded as 0 ([ocular] TIA) or 1 (stroke), respectively. All dichotomous risk factors were entered with the presence or absence of the parameter coded as 1 and 0, respectively. For logistic regression, the 95% CI was determined. An OR ≥ 1 indicates a positive association of the clinical risk factors/plaque microvasculature with a recent ischemic stroke compared to a recent (ocular) TIA.
Statistical significance was set at p ≤ 0.05. Since it was an explorative study, all statistical tests were 2-tailed. Data are presented as mean ± SD or percentage, as appropriate.
Results
Patient Inclusion
A total of 104 symptomatic patients with a recent (ocular) TIA or minor stroke were included. In 13 patients, DCE-MRI was aborted due to ECG abnormalities. Four patients were excluded from final analysis due to low image quality, leaving 87 patients (70.1 ± 8.4 year, 56 males) for final analysis. Patient characteristics are shown in Table 1 . No significant difference in clinical risk factors between patients with (ocular) TIA or minor stroke was found. 
Association between Event Type versus Clinical Risk Factors and Plaque Characteristics
Fifty-two patients (60%) were diagnosed with an ocular TIA (7 patients) or TIA (45 patients), while 35 (40%) were diagnosed with a stroke.
An example of DCE-MR images is shown in Figure 1 . Univariate analysis ( Table 2 ) showed a non-significant positive association of diabetes mellitus, hypertension, and prior antiplatelet use with OR ≥ 1.2.
Multivariate analysis of the association between K trans and the type of clinically diagnosed event adjusted for associated clinical risk factors showed a significant association of adventitial K trans (OR 1.68, 95% CI 1.06-2.68; p = 0.03) with the clinically diagnosed type of event ( Table 3 ; Fig. 2 ). No significant association was found between stroke subtype and vessel wall K trans ( Table 3 ) . 
Discussion
In the present observational study in symptomatic patients with carotid plaque, a positive association of higher adventitial K trans was found in patients who recently experienced a minor ischemic stroke compared to patients who were diagnosed with a recent TIA or ocular TIA independent of associated clinical risk factors. Previous studies have shown that stroke patients are at increased risk for a recurrent stroke compared to patients with an (ocular) TIA [8] [9] [10] . The results from the present study suggest that differences between adventitial microvasculature of symptomatic patients with (ocular) TIA and minor stroke might exist between these 2 groups. Stroke patients demonstrated increased leaky plaque microvasculature compared to (ocular) TIA patients.
Although numerous studies demonstrated that symptomatic lesions differ from asymptomatic lesions [27] [28] [29] [30] , there are only a few studies that investigated differences between plaques from TIA and stroke patients. From a large histological study, it is known that carotid plaques show a tendency for plaque inflammation and overall instability to persist with time after a TIA, while the inflammation decreases with time after a stroke. In this study, it was also shown that plaques of stroke patients that are removed ≤ 60 days after the last ischemic cerebrovascular events were more unstable and inflammatory than those of TIA patients. These findings are in line with the present study, since an increased activity of macrophages may lead to hypoxia, which in turn triggers intraplaque angiogenesis [31] . This may explain the difference in leaky adventitial microvasculature between stroke and (ocular) TIA patients. Another large study on carotid endarterectomy specimens demonstrated a higher prevalence of plaques with acute thrombosis in stroke than in TIA patients [32] . Together these results suggest a difference in the underlying pathology of both patient groups, potentially leading to different or smaller emboli for TIA patients compared to stroke patients [33] . Alternatively, the stroke itself may lead to secondary plaque inflammation. In contrast to plaque inflammation, acute thrombosis, and adventitial microvasculature, other features of plaques, that is, plaque stress [34] , plaque morphology (determined by echolucency), and plaque surface (smooth, irregular, or ulcerated) were reported to be similar in stroke and TIA patients [35] .
The cross-sectional design of our study does not allow studying causality. Whether there is a causal relationship between differences in plaque type and the type of cerebrovascular event and whether K trans can be used as an additional imaging marker to identify patients at risk needs to be studied in prospective serial studies. A recent DCE-MRI study [27] showed that patients with cerebrovascular events had an increased adventitial K trans compared to asymptomatic patients.
The present study is an explorative study. Therefore, the results need to be confirmed by an independent study and also in patients with severe carotid artery stenosis. Further, we cannot exclude that the results are influenced by the difficulty of diagnosing a TIA. Agreement on diagnosis among physicians is considerably lower for (ocular) TIA compared to stroke [36, 37] . Since the mean interval between the clinical event and the MRI examination was 41 ± 19 (for [ocular] TIA patients) and 42 ± 20 (for stroke patients) days, brain diffusion-weighted imaging could not be used in our study to distinguish between transient and permanent ischemic events [38] . Therefore, the results of the current study may partly be explained by the heterogeneity among patients diagnosed with an (ocular) TIA.
Conclusions
The present observational study has shown a positive association of leaky adventitial microvasculature in patients with a recent ischemic stroke compared to (ocu- 
